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The  densiﬁcation  behaviors  of  3  mol%  yttria-stabilized  tetragonal  zirconia  polycrystal  (3Y-TZP)  ceramics
during  spark  plasma  sintering  (SPS)  were  analyzed  both  using  the  master  sintering  curve (MSC)  approach
and  by evaluating  the  temperature  dependent  evolution  of  density  and  densiﬁcation  rate.  It  was  found
that  densiﬁcation  curves  could  hardly  be ﬁtted  using  one  apparent  activation  energy  value  by  MSC
conception,  by which  it  indicated  that  more  than  one  densiﬁcation  mechanisms  were  involved  in SPS.
Moreover,  dependent  neither  on applied  pressure  (20–100  MPa)  nor heating  rates  higher  than  50 ◦C/min,park plasma sintering (SPS)
ensiﬁcation
article rearrangement
the  maximum  densiﬁcation  rate  had  always  been  observed  at rather  similar  ∼78% of theoretical  density
(TD)  accompanied  with  negligible  grain  growth.  An intensive  particle  rearrangement  mechanism  was
proposed  to  dominate  the  rapid  densiﬁcation  to 78%  TD  in  early  stage  of SPS  process,  by  which  it  yielded
the  considerable  faster  densiﬁcation  rate  than those  achievable  by  diffusion-related  processes.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
As one of the most successful techniques for nanoceramic
reparation, spark plasma sintering (SPS) has attracted increasing
ttentions not only for material processing but also in exploring
he mechanisms underlying fast sintering [1–3]. Although possi-
le contributions from plasma [4], electric ﬁeld [5], heating rate
6], and pressure [7] have been widely investigated, a universal
xplanation for the rapid densiﬁcation achievable by SPS is still
navailable. A general observation is the unusual high densiﬁca-
ion rate achieved in the early and intermediate stage of SPS, during
hich the density rapidly increases from ∼50% to ∼90% of the theo-
etical density (TD) accompanied with rather limited grain growth.
he maximum densiﬁcation rate achievable during this stage of
intering is often in the order of 10−3/s for solid-state sintering
8], and up to 10−2/s in liquid-phase sintering conditions [9]. Such
igh densiﬁcation rates have hardly been achieved in conventional∗ Corresponding author. Tel.: +86 18086109326; fax: +86 27 87215421.
E-mail address: xiongyan1980@hotmail.com (Y. Xiong).
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producpressure-assisted processes. Moreover, the densiﬁcation rate dra-
matically decreases by one order of magnitude during the ﬁnal
stage of sintering [8]. Neither the underlying densiﬁcation mecha-
nism(s) nor relationship of individual sintering stages has been well
distinguished, yet. Using four classic pressure-assisted models, Xu
et al. [10] reported that the effective activation energies for early
densiﬁcation in SPS were considerably lower than that expected
for any diffusion-related process. In those regards, possible mecha-
nism(s) besides the classic atomic diffusion-related processes was
suspected to be involved in SPS process. The radical change of den-
siﬁcation rate might reﬂect the switching of different densiﬁcation
mechanisms that dominate different sintering stages.
Master sintering curve (MSC) was developed to predict the
sintering behaviors of powder compacts [11,12]. Focusing on the
similarities among the three sintering stages, this model describes
the whole densiﬁcation process by one mechanism, thus also one
equation:
− dL
L dt
= ˝
kT
(
vDv
G3
+ bıDb
G4
)
(1)where  is the surface energy,  ˝ is the atomic volume, k is the
Boltzmann constant, T is the absolute temperature, G is the mean
grain size, t is the time, L is the sample length, Dv is the coefﬁcient
tion and hosting by Elsevier B.V. All rights reserved.
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f volume diffusion, Db is the coefﬁcient of grain boundary diffu-
ion, ı is the thickness of grain boundary, and  v and  b represent
eometric factors as the driving force in sintering. With the pre-
umptions that microstructure evolution (represented by  and G)
s the function only of density independently on thermal history
nd that the whole densiﬁcation process is dominated by only one
echanism based on atomic diffusion, the previous equation can
e rearranged to follow the formula:
k
˝ıD0
∫ 
0
(G())n
3 ()
d =
∫ t
0
1
T
exp
(
− EA
RT
)
dt (2)
here EA is the apparent activation energy and  is a density
erived from linear sintering shrinkage. It is noted that the MSC
annot be ﬁtted with single EA value when more than one den-
iﬁcation mechanisms are involved in a sintering process [13].
his fact is used in the present work to reveal different sintering
echanisms eventually involved in the SPS process using 3 mol%
ttria-stabilized tetragonal zirconia polycrystals (3Y-TZP) nanoce-
amics as examples.
. Experimental procedure
Commercial 3 mol% yttria doped zirconia powder (TZ-3Y-E,
osoh Co. Ltd., Tokyo, Japan) was used as the precursor material.
s-received powder was in the form of spherical granules formed
y thermal spray drying with a diameter ranging 60–120 m.  The
nitial crystallite size of the powder was 27 nm calculated from
-ray diffraction (XRD) peak broadening. The SPS process was  car-
ied out in a spark plasma sintering apparatus (Dr. Sinter 2050)
ig. 1. The master sintering curve (MSC) evaluation of the sintering curves recorded dur
00 ◦C/min.ic Societies 3 (2015) 183–187
in vacuum. Each batch of 1.0 g powder, without any further treat-
ment, was poured into the cylindrical graphite die with an inner and
outer diameter of 12 mm and 30 mm,  respectively. A uniaxial pres-
sure was automatically loaded to the targeted value of 20–100 MPa
during the initial 3 min  and kept constant to the end of each sin-
tering cycle. The temperature was measured and regulated by a
pyrometer focusing on the surface of graphite die. The samples
were ﬁrstly automatically heated to 600 ◦C for 3 min  and then to
900 ◦C at a heating rate of 100 ◦C/min, thereafter a range of heat-
ing rates from 10 to 200 ◦C/min was applied to obtain different
prototypes.
The relative density was  measured by Archimedes method tak-
ing 6.08 g/cm3 as the theoretical density of 3Y-TZP ceramics. The
values of apparent activation energy EA of densiﬁcation were estab-
lished with the help of MSC  concept. The best overlap of individual
curves  = f(i), where i represents individual heating schedule,
was found by minimizing the Mean Perpendicular Curve Distance
(MPCD) [14]. The densiﬁcation rate r was calculated as r = d/dt
(s−1), where  and t are relative density and time, respectively.
Field-emission scanning electron microscope (FE-SEM, JSM7400,
JEOL Co. Ltd., Tokyo, Japan) was used to characterize the micro-
structures during sintering. To avoid possible mechanical artifacts,
the grinded samples were further polished by an argon ion beam
(SM-09010 Cross-section Polisher, JEOL Co. Ltd., Tokyo, Japan),
which was  operated at 5 kV/90 A for 10 h. The ion-milled sur-
faces were further annealed for 30 min  at 950 ◦C in air to expose
grain boundaries before SEM observations. The average grain size
of the samples prepared under different conditions was statistically
measured based on recorded images by linear intercept methods
without correlation factor used.
ing SPS process under 100 MPa  pressure and with heating rate of 50, 100, 150, and
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. Results
The densiﬁcation curves obtained under 100 MPa  pressure with
our heating rates of 50, 100, 150 and 200 ◦C/min are summarized
n Fig. 1. The observed relative densities were evaluated with
he help of the MSC  and MPCD formulae given previously. The
ependence of the MPCD plot as a function of apparent activation
nergy EA is illustrated in Fig. 1a. The minimum value of MPCD
as found at EA = 560 kJ/mol and the subsequent assessment of
ndividual observed sintering curves is shown in Fig. 1b. The
onconformity in the middle region of merging all these MSC  plots
as more than 2% TD, which is outside the standard deviation
f density measurements (typically 0.2% TD). Therefore, it was
lear that the whole SPS process could hardly be well ﬁtted using
nly one EA value. A better overlap, however, could be obtained
hen the MSC  plots were divided into two regions:  < 78% TD
nd  > 78% TD, as shown in Fig. 1c and d. The small inserts in
he two ﬁgures showed that the apparent activation energies of
he process were EA = 450 kJ/mol and 630 kJ/mol for the low- and
igh-temperature regions, respectively.
The progression of relative density and corresponding densi-
cation rate observed when heating rates of 10 and 100 ◦C/min
without soaking) were applied are summarized in Fig. 2. Two
ifferent pressures of 20 MPa  (100 ◦C/min) and 100 MPa  (100 and
0 ◦C/min) are shown in Fig. 2b and a,c, respectively. The density of
he samples prepared under 100 MPa  was almost constant before
eaching 900 ◦C and rapid densiﬁcation was initiated at ∼950 ◦C,
s shown in Fig. 2a. Fully dense samples (>99.5% TD) could be
btained by heating up to 1300 ◦C, starting with a density of ∼55%
D. The calculated maximum densiﬁcation rate was  ∼3.2 × 10−3/s
bserved at ∼1100 ◦C, where the sample achieved a density of ∼78%
ig. 2. The evolution of density and densiﬁcation rate with the sintering temperature. (a) 
b)  The samples were sintered under 20 MPa  pressure at a heating rate of 100 ◦C/min. (c)
d)  The densiﬁcation rate comparisons of the three different schedules.ic Societies 3 (2015) 183–187 185
TD. For the samples sintered under 20 MPa, seen in Fig. 2b, density
gradually increased to ∼45% TD at 950 ◦C. From this temperature
onward, rapid densiﬁcation occurred and the sample achieved den-
sity higher than 99.5% TD when heated up to 1400 ◦C.
By comparing the samples sintered at 20 and 100 MPa, the maxi-
mum  densiﬁcation rates (within 10−3/s) were observed at a similar
density of ∼78% TD in both cases. The results showed agreements
with a previous study by Bernard-Granger and his colleague [15],
where the same zirconia powder was  sintered by SPS at a heat-
ing rate of 50 ◦C/min under 100 MPa  pressure. When a low heating
rate of 10 ◦C/min was  applied, the densiﬁcation rate was  reduced
by one order of magnitude (within 10−4/s) and no drastic change in
densiﬁcation rate was observed as shown in Fig. 2c. The density of
the sample increased gradually above 900 ◦C and fully dense sam-
ples (>99.5% TD) could be obtained by heating up to 1200 ◦C. In this
case, the maximum densiﬁcation rate of 3.5 × 10−4/s was observed
at ∼1100 ◦C, where the sample achieved a density of ∼85% TD.
Considering the pressure range (20–100 MPa) used in most SPS
processes, the correlations of densiﬁcation rate and theoretical den-
sity observed under (a) 20 MPa  and (b) 100 MPa  with four different
heating rates (50–200 ◦C/min) are presented in Fig. 3. It was distinct
that the maximum of densiﬁcation rate was dependent on neither
external pressure nor the heating rate if higher than 50 ◦C/min. The
maximum densiﬁcation rates had always been observed at the den-
sity value of 78 ± 2% TD. The similar phenomena were also reported
in the authors’ previous study of spark plasma sintering of alumina,
where the heating rate ranged 50–370 ◦C/min [8].The relationship of grain size vs.  relative density at the heating
rates of (a) 10 ◦C/min and (b) 100 ◦C/min under 100 MPa  constant
pressure without soaking are compared in Fig. 4. Although the max-
imum densiﬁcation rates in both cases were observed at ∼1100 ◦C
The samples were sintered under 100 MPa  pressure at a heating rate of 100 ◦C/min.
 The samples were sintered under 100 MPa pressure at a heating rate of 10 ◦C/min.
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sig. 3. The correlation of densiﬁcation rate and relative density obtained when
ifferent heating rates of (a) 20 MPa  and (b) 100 MPa  pressures are applied.
as shown in Fig. 2), the grain size increased into larger than 70 nm
hen a slow heating rate was applied. On the other hand, the grain
ize kept almost constant up to 1100 ◦C under rapid heating con-
itions. Therefore, the grain growth in fast heating conditions was
early ignorable before ∼78% TD.
. Discussion
Sintering is a process of pore elimination via interfacial atomic
iffusion or direct particles (grains) migration [16]. The former
echanism dominates the densiﬁcation according to the clas-
ic sintering theories, whereas the later, known as particle
earrangement, is dominated only by 3–5% linear shrinkage (or
n increase to ∼65% TD) in early stage by classic sintering theory
17]. This viewpoint was achieved from the conventional sinter-
ng practice where coarse powders and slow heating rates were
ften applied. In the sintering of nanocrystalline oxide powders,
hen and his colleague [18] reported a sintering mechanism based
n particle repacking concurrent with particle coarsening and the
ffects of particle repacking were found active until ∼84% TD in
onventional pressureless sintering. The active region of particle
earrangement was further extended to ∼93% TD in SPS condi-
ions by the authors’ recent studies [19–21]. Before the activation
hreshold for mass transport, thermal motion of atoms is restricted
ithin the crystalline particles that may  yield the formation of the
often layer [22,23] or even pre-melting [24] on the nanoparticleFig. 4. The evolutions of relative density and grain size at elevating temperature at
the heating rates of (a) 10 ◦C/min and (b) 100 ◦C/min are applied under a constant
pressure of 100 MPa  without soaking.
surface. The process involves no grain growth but will decrease fric-
tion between particles, and thereby favors particle packing through
grain rotation and sliding under external force. The rearrangement
behaviors are also dependent on the size of particles [25]. Rapid
heating in SPS conditions can effectively suppress particle coars-
ening and thus favors intensive particle rearrangement. In this
regard, those full advantages may  be taken in fast heating condi-
tions such as SPS. Densiﬁcation by particle rearrangement takes
place rather rapidly because grains rather than atoms act as the
migrating units. This fact may  explain the observed evidence of
considerable faster densiﬁcation rate in early SPS stage than those
achievable by diffusion-related processes.
Densiﬁcation by packing of particles is dependent mostly on
physical properties of initial powders, e.g., grain size, shape and
size distribution. This densiﬁcation mechanism gradually fades out
with the increase of density due to space constriction and/or the
formation of rigid necks between the particles. In a previous study,
Bernard-Granger et al. [26] investigated the densiﬁcation behaviors
of the same zirconia powder compacts with 42–43% TD by conven-
tional pressureless sintering. Their results showed that regardless
of the heating rate ranging 100–900 ◦C/h, the maximum densiﬁca-
tion rate was always observed at 64–68% TD. The densities were
reported corresponding to the end of the neck-formation step with
negligible grain growth, two typical microstructural features of
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nitial stage by classic sintering theory. The similar phenomena
ere also observed in present SPS fast heating conditions, seen
n Fig. 3. However, the density value was remarkably increased
o ∼78%. The improved packing efﬁciency (shifting to 78% TD)
ould be attributed to the enhanced particle rotation and sliding
esulted from the application of external pressure and fast heat-
ng in SPS conditions. By contrast, the grain growth could not be
gnored in the slow heating conditions. Previous study by Maza-
eri et al. [27] showed that grain growth of present zirconia powder
n conventional pressureless sintering conditions took place at the
emperatures higher than 1100 ◦C at the heating rate of 5 ◦C/min. In
resent SPS slow heating, seen in Fig. 4a, the grain size had reached
75 nm from initial ∼45 nm at 1100 ◦C. The observed grain growth
ight be attributed to the higher temperature samples actually
xperienced than that measured [28]. Consequently, the density
ncrease was contributed from both particle packing and interfacial
iffusion-related processes as evidenced by the fact that the maxi-
um densiﬁcation rate was observed at ∼85% TD, as seen in Fig. 2c.
Those results indicate that the heating rate shows interference
n the involvement of densiﬁcation mechanisms during sintering
rocess. The densiﬁcation of SPS process, especially in fast heating
onditions, cannot be explained solely by classic interfacial atomic
iffusion and/or creep mechanisms [24]. Analogously, it may  not
e suitable to adopt classic pressure-assisted sintering models by
eliberately using slower heating rates in the exploration of den-
iﬁcation mechanisms underlying spark plasma sintering [28]. The
act that early stage densiﬁcation in SPS conditions is dominated by
n intensive particle rearrangement offers a possible explanation
or the evidences of considerable lower effective activation ener-
ies and much faster densiﬁcation rate than those expected for any
tomic diffusion-related process. Before ∼78% TD, the densiﬁca-
ion contribution from the conventional interfacial atomic diffusion
ased mechanism is rather limited when the incubation time has
een greatly shortened in rapid heating of SPS conditions. It thus
an be concluded that the densiﬁcation during the SPS process
efore the sample achieves a density of ∼78% TD that is domi-
ated by an intensive particle rearrangement mechanism. It should
e noted that the material may  densify by plastic yielding if the
pplied stress is high enough. However, it does not seem likely
hat this would occur under present stress value as discussed by
he previous work [10]. The possible inﬂuence of plastic deforma-
ion of particles/grains on packing was neglected in the present
ork. Such inﬂuence should also be taken into considerations when
rutal external force is used [29].
Such intensive particle rearrangement ceased until density was
igher than 95% TD as conﬁrmed by the authors’ recent study
19–21]. It appears that the early stage of SPS sintering process
nds at ∼78% TD, during which the densiﬁcation is dominated by
he intensive particle rearrangement mechanism instead of clas-
ic interfacial atomic diffusion. When the sample reaches isolated
losed porosity, i.e. density higher than 95% TD, the sintering enters
nal stage where frozen microstructures are formed and only
nterfacial atomic diffusion dominates. In the intermediate stage,
.e. density between 78 and 95% TD, the particle rearrangement
ecomes less effective as rigid necks are formed between particles.
onsequently, the contribution of particle rearrangement switches
rom density gain to microstructural manipulating [19,20]. The sin-
ering is then achieved both by local particle rearrangement and the
ncreasing contribution from temperature-dependent interfacial
tomic diffusion. The fact that there is more than one mechanism
nvolved in the densiﬁcation process apparently conﬂicts with the
rimary presumption of the MSC  conception. Although the MSC
ethod was developed based on classic sintering theory, in which
article rearrangement has never been assumed as a dominating
echanism for densiﬁcation, it is noted that the apparent activa-
ion energy EA in MSC  method bears no physical meaning but a
[
[
[ic Societies 3 (2015) 183–187 187
quantiﬁed reﬂection on densiﬁcation mechanism. In this regard,
it is necessary to modify the MSC  method by dividing the densi-
ﬁcation process into more regions when it is applied in analyzing
the sintering process involving different densiﬁcation mechanisms
[30].
5. Conclusions
In summary, densiﬁcation processes during spark plasma sin-
tering were investigated by master sintering curve using 3Y-TZP
ceramics as an example. It was found that the SPS sintering curves
could hardly be ﬁtted using one apparent activation energy value.
The result indicated that more than one densiﬁcation mechanisms
are involved in SPS process. In the present case of 3Y-TZP nanoce-
ramics, the maximum densiﬁcation rate was  always observed at
the density of ∼78% TD, showing independence on neither the
heating rate (50–200 ◦C/min) nor applied pressure (20–100 MPa).
It was  proposed that in early stage of SPS process densiﬁcation
was dominated by an intensive particle rearrangement mechanism,
by which it yielded the considerable faster densiﬁcation rate than
those achievable by conventional diffusion-related processes.
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